Maximizing the information transmission rate through quantum channels is essential for practical implementation of quantum communication. Time-division multiplexing is an approach for which the ultimate rate requires the ability to manipulate and detect single photons on ultrafast timescales while preserving their quantum correlations. Here we demonstrate the demultiplexing of a train of pulsed single photons using time-to-frequency conversion while preserving their polarization entanglement with a partner photon. Our technique converts a pulse train with 2.69 ps spacing to a frequency comb with 307 GHz spacing which may be resolved using diffraction techniques. Our work enables ultrafast multiplexing of quantum information with commercially available single-photon detectors.
Maximizing the information transmission rate through quantum channels is essential for practical implementation of quantum communication. Time-division multiplexing is an approach for which the ultimate rate requires the ability to manipulate and detect single photons on ultrafast timescales while preserving their quantum correlations. Here we demonstrate the demultiplexing of a train of pulsed single photons using time-to-frequency conversion while preserving their polarization entanglement with a partner photon. Our technique converts a pulse train with 2.69 ps spacing to a frequency comb with 307 GHz spacing which may be resolved using diffraction techniques. Our work enables ultrafast multiplexing of quantum information with commercially available single-photon detectors.
Quantum communication promises unconditionally secure information transmission by exploiting fundamental features of quantum mechanics [1] . For many protocols, transmission channels capable of distributing entanglement between distant parties are required [2] [3] [4] . Furthermore, to be practical, these protocols must allow communication at high rates. One strategy which has successfully increased transmission rates in classical telecommunication is multiplexing, where ancillary degrees of freedom are utilized to carry independent modes co-propagating through a single physical link, such as an optical fibre [5, 6] . Some of these techniques have been adapted to quantum scenarios [7] [8] [9] [10] [11] [12] [13] and lay the groundwork for future quantum communication networks.
Time-division multiplexing [6] uses the arrival time of light pulses relative to an external clock to distinguish multiple communication modes. It is compatible with fibre-optic systems and is robust against birefringent effects. The delay between subsequent pulses must be greater than the timing jitter of the detection system to avoid cross-talk between signals; for high rates, the delay must also be greater than detector dead time to detect photons from subsequent pulses. State-of-the-art single photon counting detectors have demonstrated 30 ps timing jitter and nanosecond-scale dead times [14] . However, it is possible in principle to distinguish between two pulses as long as they are separated by their coherence time, which can be orders of magnitude smaller in ultrafast applications. Single-photon measurement techniques for these timescales are therefore critical to optimize the quantum information capacity.
Techniques incorporating short laser pulses and nonlinear optical effects are key to manipulating light on ultrafast timescales [15] [16] [17] [18] . In the quantum regime, such methods have enabled single-and entangled-photon frequency conversion [19] [20] [21] [22] [23] , all-optical routing of quantum
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information [24, 25] , and ultrafast coincidence measurement for biphotons [26] [27] [28] . Additionally, ultrafast pulse shaping provides a diverse set of tools to tailor nonlinear optical interactions for customizing quantum optical waveforms [29] [30] [31] [32] [33] , having found application in realizing coherent time-bin measurements on the picosecond timescale [34] .
Drawing from these techniques, here we show a method for demultiplexing a rapidly pulsed sequence of polarization-encoded quantum states (Fig. 1a) . Any attempt to directly measure the polarization state of an individual pulse with a photon counter will be subject to crosstalk from the other pulses due to the limited detector time resolution, appearing as an incoherent mixture of the different states. We employ polarization-maintaining sum-frequency generation (SFG) with chirped pulses as a time-to-frequency converter to map ultrafast-scale time delays to measurable frequency shifts, thus allowing the individual quantum states to be read out using conventional diffraction techniques and photon detectors. Furthermore, our method manipulates the time-frequency characteristics of polarization-entangled photons, compressing their spectral bandwidth while preserving entanglement.
Our approach is based on sum-frequency generation between a chirped single photon and an oppositely chirped (anti-chirped) escort laser pulse. The spectrum of the SFG signal for strongly chirped pulses is much narrower than that of the input light and the frequency produced is linearly dependent on the relative delay between the pulses [32, [35] [36] [37] . We quantify the dispersion applied using the chirp parameter, A, defined as A = 1 2
where φ(ω) is the spectral phase. If the chirps applied are equal and opposite, then the RMS spectral bandwidth of the SFG signal is σ SFG ≤ 1/(2 √ 2Aσ), where σ is the smaller of the input bandwidths, and the frequency shift is ∆ω = τ /(2A) away from the sum of the input centre frequencies. Through this mechanism, chirped-pulse upconversion maps a train of temporally separated pulses arXiv:1410.4524v1 [quant-ph] 16 Oct 2014 into a comb of distinct frequencies.
We require that entanglement is preserved through this time-to-frequency conversion process. Because of phasematching considerations, sum-frequency generation in nonlinear crystals is typically efficient for only a specific set of input polarizations, effectively measuring the polarization and destroying coherence. Preservation of the po-FIG. 1. Time-to-frequency conversion concept and experimental setup. (a) A train of temporally narrow polarized photonic signals A-C are converted into a comb of spectrally narrow and correspondingly polarized photons with a central frequency dependent on their time of arrival. The different frequency modes may then be demultiplexed using diffraction techniques. (b) Two α-BBO crystals and a series of wave plates prepared a train of pump pulses 2.69 ps apart, which were then used to create a pulse sequence of polarization-entangled states through SPDC. The single photons were chirped in single-mode fibre and combined with an anti-chirped strong escort pulse using a dichroic mirror. This beam was then focused in two 10-mm BiBO crystals arranged in a Sagnac configuration for polarization-maintaining sumfrequency generation (PM-SFG). The polarizations of the output photons were measured, and the three signals were then separated with a diffraction grating and coupled to detectors DA−C. A removable mirror to Din enabled measurement of the input state.
larization, and hence the entanglement, can be achieved using a coherent superposition of two sum-frequency processes [23] . A full theoretical description of chirped-pulse upconversion applied to a train of polarization-entangled states can be found in the supplemental material.
We create photon pairs using spontaneous parametric down-conversion (SPDC, Fig. 1b) . The pump is produced through second-harmonic generation (SHG) of an 80 MHz titanium-sapphire (Ti:Sapph) femtosecond laser and has a centre wavelength of 394.7 nm with a 1.45 nm full-width at half-maximum bandwidth (FWHM). Down-conversion is produced in a pair of orthogonally oriented 1-mm β-barium borate (BBO) crystals cut for type-I down-conversion [38, 39] . The source converts pump photons in the polarization state α|H + β|V into down-converted pairs in the polarization state β|HH + α|V V , where α and β are complex numbers; this can be a separable or entangled state depending on the polarization of the pump.
To create a dense train of pulsed photon pairs, we pass the pump through a series of rotatable birefringent crystals (Pump preparation, Fig. 1b) . As the pump propagates through each crystal, the component polarized along the fast axis will lead the one polarized along the slow axis. If the temporal walkoff between these components is greater than the coherence time of the pump, the pump will exit as two pulses which are distinguishable in arrival time relative to a reference from the ultrafast laser source. Using n crystals of identical birefringence, a train of n+1 pulses may be created; if the crystal lengths differ, it is possible to create up to 2 n pulses [40] . This prepared pump creates a train of pulsed down-conversion, where the polarization state of each pair is determined by the polarization of the corresponding pump pulse. To create up to three temporally distinct down-conversion signals, labelled A-C from earliest to latest, we use two 5-mm α-BBO crystals cut for maximum birefringence; each apply a relative time delay of (2.69 ± 0.17) ps between orthogonal polarization modes. A complete description of the pump preparation setup and down-conversion scheme may be found in the supplemental material.
The signal photons pass through an interference filter centred at 809.06 nm with a 3.9 nm (or 1.8 THz) bandwidth (FWHM) before coupling into 34 m of singlemode fibre, applying positive dispersion corresponding to a chirp parameter of A = (696 ± 3) × 10 3 fs 2 . Using a grating-based compressor [41], matched negative dispersion is applied to a 225 mW escort pulse at 786.2 nm with a 6.3 nm bandwidth (FWHM). The signal photons and escort pulse are then combined into a single beam with a dichroic mirror.
In order to implement polarization-maintaining SFG, we use a Sagnac-type interferometer (PM-SFG, Fig. 1b) . In this configuration, the horizontally and vertically polarized components of the signal photon are split on a polarizing beamsplitter (PBS) and the vertical compo-nent is rotated to horizontal polarization using an achromatic half-wave plate. Each beam is then upconverted independently in 10-mm of bismuth borate (BiBO) cut at 150.9
• for type-I SFG. The SFG signal continues inside the Sagnac loop while the remaining escort is removed using a dichroic mirror. The horizontal component is flipped on the same achromatic half-wave plate and the two components are coherently recombined on the input PBS. A tilted quarter-wave plate sets the phase of the upconverted signal, ensuring that coherent superpositions of |H and |V are also maintained. The internal SFG efficiency was estimated to be 0.3%. The Sagnac geometry enables passive phase stability, preserving the input polarization state through the sum-frequency process over the 32-hour runtime of the experiment.
After polarization measurement, the remaining nearinfrared and escort second harmonic were removed with a bandpass filter. The signals were then separated with a 3600-lines/mm diffraction grating in near-Littrow configuration and allowed to propagate for 4.3 m in free space before being coupled via multimode fibre into three separate detectors, D A−C . The combined diffraction and coupling efficiency was measured to be approximately 13%. The measured single-photon spectra were found to have an average bandwidth of (0.047 ± 0.007) nm, or equivalently (88 ± 13) GHz (Fig. 2) . The spectra measured in modes A-C had respective central wavelengths of 398.936 nm, 399.099 nm, and 399.262 nm. This clearly shows that the three down-conversion pulses, 2.69 ps apart, were mapped to three distinct wavelengths separated by (0.163 ± 0.007) nm, or equivalently 307 GHz. This spacing is on the same order of magnitude as telecommunication standards for dense wavelength- Upconverted single-photon spectra for each temporal mode. We prepared the pump to maximize the count rate in each of the three temporal modes and measured the spectra shown (with background subtraction). The time delay between the modes maps each to a distinct central wavelength and the spectral bandwidth is compressed by a factor of 20 relative to the input.
division multiplexing [42] .
To characterize the preservation of entanglement through our setup, we first prepared the pump to produce the maximally entangled state
(|HH + |V V ) in a single temporal mode at a time. We performed two-photon polarization state tomography [43] both before and after upconversion using an overcomplete set of 36 projective measurements, corresponding to the polarization states |H , |V ,
(|H ± |V ), and |±i = 1 √ 2 (|H ± i|V ). Because of the polarization-dependent diffraction efficiency of our grating, we performed projective polarization measurements before diffraction. A removable mirror was used to couple the single-photon signal into D in to characterize the input state, which was found to have an average fidelity [44] of 96.2% with |Φ + over the three potential modes and an average tangle [45] of 0.88. The upconverted states were reconstructed without background subtraction and found to have fidelities (88.6 ± 0.3)%, (95.1 ± 0.3)%, and (92.9 ± 0.4)% with |Φ + and tangles of 0.737 ± 0.020, 0.828 ± 0.011, and 0.836 ± 0.015, for modes A-C respectively, where the error bars are determined by Monte Carlo simulation assuming Poissonian counting statistics. These two
(ii) With the pump prepared in modes A and B to either produce (i) orthogonal separable states or (ii) orthogonal maximally entangled states, the density matrices measured before time-tofrequency conversion (left) appear the same, with negligible coherences. After demultiplexing, the experimentally reconstructed output density matrices (right) are revealed to describe vastly different quantum states, which are separable in case (i) but show a high degree of entanglement in case (ii).
figures of merit explicitly demonstrate that quantum correlations are maintained through the bandwidth compression process. We next prepared the pump to produce downconverted states in modes A and B. We studied the case (i) where the pump was set to produce the separable states |V V and |HH (Fig. 3i) , and the case (ii) where the pump was set to produce the maximally entangled states
(|HH + i|V V ) and (Fig. 3ii) , in modes A and B respectively. The reconstruction from the coincidence measurements between D in and D idler produced the density matrix on the left-hand side of Fig. 3 , with large populations in |HH and |V V but negligible coherence; both reconstructions have fidelities of 98% with an equal mixture of |HH and |V V . This arises because the detector is not fast enough to resolve the pulses, instead measuring a mixture of the two signals and obfuscating the underlying quantum coherences of the individual states. By measuring the photons after the upconversion setup, the density matrices shown on the right side of Fig. 3 were reconstructed. The density matrices in case (ii) exhibit large quantum coherences, which are required for entanglement, while those for case (i) do not, as expected for separable states. Indeed, the density matrices reconstructed in case (i) have an average fidelity of (93.6 ± 0.3)% with the target separable states, and those in case (ii) have an average fidelity of (91.2 ± 0.5)% with the expected maximally entangled states and an average tangle of 0.714 ± 0.014. We then prepared the pump to produce maximally entangled states into all three modes, using the pump polarization sequence |−i , |+ , and |+i for modes A-C. We measured the states initially and after the upconversion process, shown in (Fig. 4) . The initial state has fidelity 97.6% with the non-maximally entangled mixed state resulting from an incoherent mixture of the three expected maximally entangled states in modes A-C with weighting 0.25, 0.5, and 0.25, determined by the ratios of the intensities of the three pump pulses. The output states each exhibit different quantum correlations yet are all highly entangled, with fidelities of (77.3 ± 0.9)%, (91.5 ± 0.4)%, and (86.1 ± 0.7)% with the expected maximally entangled states and tangles of (0.40 ± 0.2), (0.720 ± 0.013), and (0.58 ± 0.02) for modes A-C, respectively. The coincidence rates for modes A and C were half that of mode B due to the distribution of pump power, and their reconstructed states were thus more affected by background noise; however, crosstalk between signals was not a significant issue in our experiment. Additional experimental results for different pump preparations may be found in the supplemental material.
We have demonstrated the conversion of a train of up to three temporally spaced single-photon pulses to a comb of distinct frequencies while maintaining quantum correlations in polarization. We have shown that this method can distinguish picosecond-separated single photons using detectors with nanosecond-scale time resolution. Improvements to the efficiency may be possible through the use of periodically poled nonlinear materials [20, 21] and cavity enhancements [46] . With higher conversion efficiencies, this ultrafast readout of timedivision-multiplexed entangled quantum signals could be used to increase the density of quantum information carried through a single physical medium or to distribute quantum states throughout a multi-user network by applying time-to-frequency conversion to both signal and idler photons. Our results also demonstrate tunable bandwidth compression of a polarization-entangled photon [32] . More generally, our work demonstrates how shaped laser pulses may be used to manipulate the spatiotemporal waveforms of single photons while preserving quantum information.
The 
SUPPLEMENTAL MATERIAL Theory of single-photon time-to-frequency conversion
To understand the demultiplexing process, we consider a strong laser pump propagating in theẑ direction which has been divided into a number of pulses at times τ j with well-defined polarizations. We model the electric field of the pump classically as
where E 0p characterizes the electric field of the initial pump and ξ(ω p ) its spectrum; b j represents the pulse amplitudes for the different temporal modes. We describe spontaneous parametric down-conversion in a χ (2) medium with an undepleted pump using the unitary [47]
where s and i represent the signal and idler modes respectively, Φ SP DC represents the phasematching function of the medium, and γ 1 is a constant which depends on E 0p , the nonlinearity, and the length of the medium. If the signal and idler modes are initially in the vacuum state, this unitary, to first order, will produce photon pairs in the state
We model the effect of spectral filters and pulse shaping by applying the functions f s (ω s ) and f i (ω i ) to the signal and idler amplitudes. We make the assumption that these filter functions are spectrally narrow relative to the pump field and the phasematching function, such that
which renders the final state separable in frequency. It is important to work in this regime as energy-time entanglement degrades the effectiveness of bandwidth compression through chirped-pulse sum-frequency generation [32] . Our timedivision multiplexed down-converted state may then be written as
We now subject the signal mode to polarization-maintaining sum-frequency generation, another χ (2) process which destroys a photon in the signal mode and creates one in the generated mode g with the help of an strong escort pulse e. We model the escort pulse as a strong coherent state and describe this process using the unitarŷ
where α(ω e ) is the spectrum of the escort pulse and γ 2 is a constant describing the strength of the interaction. Assuming broad phasematching in the second crystal (such that Φ SF G (ω s , ω g − ω s , ω g ) ≈ 1), we expand the state to first order in γ 2 and post-select on the successful generation of a sum-frequency field,
where the upconverted state maintains the initial polarization correlations of the down-conversion and the spectrum of the sum-frequency photon in each individual mode is given by
If the signal photon and the strong escort pulse both have Gaussian spectra and are oppositely chirped, their spectral amplitudes may be described (ignoring phase) as 
and the spectrum of the generated photon may be written as
where ω 0g = ω 0e + ω 0s and the approximation takes the large chirp limit, Aσ 2 i
1. Note that, in this large-chirp approximation, the RMS intensity bandwidth of each spectral component is
Each component is also shifted in central frequency by ∆ω ≈ τ j /2A and has an exponential decay factor proportional to τ 2 j . If we exactly measure a frequency ω 0g − τ m /2A, the signal found will be proportional to
To ensure that the crosstalk from neighbouring modes is negligible (i.e. f g,j ω 0g − τm 2A 2 ≈ 0 for j = m), we define ∆τ min as the separation between any directly adjacent temporal modes and require that
is satisfied, which is equivalent to requiring that the separation is greater than Fourier-limited temporal width of the input pulses. We also define ∆τ max as the maximum temporal separation of any individual temporal mode and the escort pulse. To ensure comparable efficiencies for each temporal mode, we require that the chirped fields overlap well, i.e.
In our experiment, the separation between modes is 2.69 ps. Using our experimental parameters, the lower bound of Eq. S14 is 0.4 ps and the upper bound of Eq. S15 is 18 ps. Thus, we are well within the required limits. Again using our experimental parameters, one could, in principle, access up to approximately ∆τ max /∆τ min = 45 distinct modes. Our experiment uses a titanium-sapphire laser with a repetition rate of 80 MHz, centre wavelength 790.1 ± 0.2 nm with a bandwidth (FWHM) of 12.27 ± 0.08 nm and an average power of 2.3 W. It was frequency-doubled in 2 mm of bismuth borate (BiBO) cut at 152.4
• to a second-harmonic centred at 394.7 nm with a bandwidth of 1.45 ± 0.02 nm and an average power of 0.6 W. The remaining power of the fundamental Ti:Sapph beam was used as the strong escort pulse, which was filtered to a centre wavelength of 786.2 nm with a bandwidth of 6.3 nm to reduce the background after upconversion arising from its second harmonic.
We generated down-conversion in a pair of two orthogonally-oriented 1-mm BBO crystals cut at 30
• [38, 48] with a full opening angle of approximately 6
• . In order to compensate for the effects of temporal and spatial walkoff, additional birefringent crystals were required: 1 mm of α-BBO and 1 mm of crystal quartz were inserted in the path of the UV pump to correct for temporal walkoff [39] and 1 mm of BiBO cut at an angle of 152.6
• was inserted in the signal arm to correct for spatial walkoff (Fig. S-I ). To remove energy-time entanglement, the signal was filtered to 809.06 nm with a bandwidth of 3.9 nm and the idler to 770.58 nm with a bandwidth of 2.27 nm. A quarter-wave plate at zero degrees was tilted to apply a controllable phase to the idler, aligned such that the state |Φ + = 
Additional experimental results
In the main text, we presented results for six different pump preparations: three of which prepared entangled states in one mode at a time, two prepared orthogonal states in two different modes, and one prepared entangled states in three different modes. In this section, we present experimental results for two additional three-mode pump preparations as well as details on the settings required to prepare the pump for all cases (Table S-I).
The pump passes through two 5-mm α-BBO crystals, which each introduce a birefringent delay of 2.69 ps between pulse components polarized along the fast and slow axes. As the first and last pulse of the train are necessarily polarized on opposite axes in the last crystal, they are necessarily orthogonally polarized. Therefore, if the first pump pulse consists of photons described by the polarization state |ψ , the last pulse must be described by the orthogonal state, |ψ ⊥ . In a three-pulse preparation, there are also restrictions on the middle state. To create three pulses with two identical birefringent crystals, two orthogonal pulses must be created in the first crystal. The second crystal will once again split each pulse in two, and the component of the leading pulse on the slow axis of the crystal will overlap in time with the component of the lagging pulse on the fast crystal axis. As these two components were on different axes, they are necessarily orthogonal. In the case where the leading and lagging pulses are of equal amplitude, the middle pulse will be in some polarization state describable as
and have twice the photon number of the other modes. The parameter φ may be manipulated by controlling the pump polarization.
Full measurement results for each of these preparations are displayed in Table S -II, with the tangle and fidelity explicitly plotted in Fig. S-2 . Each set of tomographic data required 36 projective measurements. Coincidences were recorded for five seconds for the input state. For the single-mode measurements, six loops of thirty-second coincidence measurements were recorded, for a total of three minutes per setting. For all other settings, twelve loops of thirtysecond measurements were recorded, for a total of six minutes per setting. The background results presented are the average of two such runs, where the signal was blocked but the idler and escort were unchanged. (|HH + ν|V V ). The angles of the two α-BBO crystals and the waveplates that follow are shown where a crystal angle of zero defines that a horizontally polarized beam is polarized along the slow axis. HWP-1 is always set to zero. Note that, in practice, settings (vi) and (vii) are subject to an additional phase due to wavelength-scale differences in the lengths of the two crystals; the states were set by rotating HWP-2 from the angle in the table until the two-photon measurements at D idler and Din matched the expected statistics. We indicated this experimental deviation from theory using the symbol * in the table. This same additional phase also necessitates that the phase set by the tilted quarter-wave plate in the idler arm must be adjusted for setting (viii). Table S -I, and each measurement was taken in coincidence with D idler . Grayed-out rows correspond to background counts. Uncertainties in tangle, purity, and fidelity were calculated with the assumption of Poissonian errors and a Monte Carlo calculation.
